This study revealed multifaceted regulation of ALDH1A1 by Cdk5 in Alzheimer's disease (AD) pathogenesis. ALDH1A1 is a multifunctional enzyme with dehydrogenase, esterase, and anti-oxidant activities. ALDH1A1 is also a major regulator of retinoic acid (RA) signaling, which is critical for normal brain homeostasis. We identified ALDH1A1 as both physiological and pathological target of Cdk5. First, under neurotoxic conditions, Cdk5-induced oxidative stress upregulates ALDH1A1 transcription. Second, Cdk5 increases ALDH1A1 levels by preventing its ubiquitylation via direct phosphorylation. Third, ALDH1A1 phosphorylation increases its dehydrogenase activity by altering its tetrameric state to a highly active monomeric state. Fourth, persistent oxidative stress triggered by deregulated Cdk5 inactivates ALDH1A1. Thus, initially, the good Cdk5 attempts to mitigate ensuing oxidative stress by upregulating ALDH1A1 via phosphorylation and paradoxically by increasing oxidative stress. Later, sustained oxidative stress generated by Cdk5 inhibits ALDH1A1 activity, leading to neurotoxicity. ALDH1A1 upregulation is highly neuroprotective. In human AD tissues, ALDH1A1 levels increase with disease severity. However, ALDH1A1 activity was highest at mild and moderate stages, but declines significantly at severe stage. These findings confirm that during the initial stages, neurons attempt to upregulate and activate ALDH1A1 to protect from accruing oxidative stressinduced damage; however, persistently deleterious conditions inactivate ALDH1A1, further contributing to neurotoxicity. This study thus revealed two faces of Cdk5, good and bad in neuronal function and survival, with a single substrate, ALDH1A1. The bad Cdk5 prevails in the end, overriding the good Cdk5 act, suggesting that Cdk5 is an effective therapeutic target for AD.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative condition which affects over 25 million people worldwide [1] .
Oxidative stress is believed to be one of the earliest events in AD, which occur prior to the onset of significant plaque accumulation. Recent evidence further support a pivotal role of dysfunctional retinoic acid (RA) signaling in the formation of neurotoxic β-amyloid (Aβ) and neurofibrillary tangles (NFT), the two hallmarks of AD [2] [3] [4] [5] . RA agonists are strikingly effective in restoring synaptic functions and clearing Aβ, which underscores the clinical significance of this pathway for developing effective therapies. However, an incomplete understanding of the underlying mechanisms has hindered the characterization of early detection biomarkers and the development of target-based therapies.
We focused on cyclin-dependent kinase-5 (Cdk5), which is deregulated in AD brains and contributes significantly to the formation of Aβ plaques and NFT, and promotes neurodegeneration [6] [7] [8] [9] [10] [11] . Cdk5 is highly active in post-mitotic neurons. During embryogenesis, Cdk5 is essential for brain development [12] . Postnatally, Cdk5 is critical for higher cognitive functions such as synaptic plasticity, learning and memory formation, and drug addiction [13, 14] . Reduction or loss of Cdk5 activity is linked with mental retardation, schizophrenia, epilepsy, and attention-deficit/hyperactivity disorder [15] [16] [17] [18] . Similarly, Cdk5 is hyperactivated in many neurological disorders including AD, Parkinson's disease (PD), ischemic stroke, and amyotrophic lateral sclerosis (ALS) and is highly neurotoxic [19, 20] .
In AD, neurotoxic signals such as excitotoxicity, Aβ, ischemia, and oxidative stress increase intracellular calcium levels in neurons, resulting in calpain activation, which cleaves Cdk5 activator p35 into p25 and p10. Cdk5-p25 complex is constitutively activated and mislocalized, resulting in the phosphorylation of many non-physiological targets, culminating into neuronal death [21, 22] . A pivotal role of the Cdk5-p25 complex in promoting AD pathogenesis was recently shown in a mouse model, where specific inhibition of aberrant Cdk5 activity using a peptide inhibitor attenuated NFT formation and restored synaptic and cognitive functions [23] .
We recently identified aldehyde dehydrogenase A1 isoform (ALDH1A1) as a direct target of Cdk5 in mouse brain lysates. ALDH1A1 is a multifunctional enzyme with dehydrogenase, esterase, and anti-oxidant activities [24, 25] . ALDH1A1 is widely expressed in the brain; however, its exact role in AD pathogenesis remains unclear [26] . ALDH1A1 overexpression is neuroprotective under neurotoxic conditions in cells [27] [28] [29] ; however, whether neurotoxicity impacts endogenous ALDH1A1 levels and activity remains unknown. The temporal correlation between ALDH1A1 protein levels and activity with AD disease progression is yet to be analyzed. Notably, ALDH1A1 catalyzes the conversion of retinal to retinoic acid (RA) and thus is a major regulator of RA signaling, which is essential for normal brain homeostasis [2] [3] [4] [5] . We unraveled a molecular mechanism by which ALDH1A1 levels and activity are regulated under neurotoxic conditions in HT22 (mouse hippocampal cell line) and primary cortical neurons. We also uncovered the consequences of ALDH1A1 regulation on ensuing oxidative stress. The clinical significance of our finding was confirmed in human clinical specimens, which revealed the correlation between ALDH1A1 activity and levels with disease progression.
Results

ALDH1A1 Is a Direct Substrate of Cdk5
We have developed a chemical genetic approach to identify the direct substrates of any kinase of interest on a proteomewide scale [30] [31] [32] [33] [34] [35] [36] [37] . This approach involves an engineered kinase (e.g., Cdk5-as1), which uses a radioactive orthogonal ATP analog (e.g., N-6-phenethyl-ATP), and specifically transfers the radioactive tag ( 32 P) to its substrates. Using this methodology, we have identified several direct substrates of Cdk5 including GM130, peroxiredoxin 1, peroxiredoxin 2, lamin A, lamin B, Cdc25A, Cdc25B, Cdc25C, FOXO3a, and Mcl-1 [38] [39] [40] [41] [42] [43] . In this study, we focused on Cdk5-mediated regulation of ALDH1A1 signaling. As proteomics screen can often yield false positives, we examined whether Cdk5 directly phosphorylates ALDH1A1 using an in vitro kinase assay. Cdk5 directly phosphorylates ALDH1A1, confirming that it is a direct substrate of Cdk5 (Fig. 1a ).
Cdk5 and ALDH1A1 Associate Directly in Glutamate-Treated HT22 Cells
To uncover the significance of ALDH1A1 phosphorylation by Cdk5, we examined their association with each other in HT22 cells under normal and neurotoxic conditions. Glutamate was chosen as the neurotoxic signal. Glutamate excitotoxicity is a major contributor to AD pathogenesis. We isolated Cdk5 immune complex, which revealed no association of Cdk5 with , and the association of Cdk5 and ALDH1A1 was analyzed (top panel). Lower panel shows Cdk5 input from total cell lysate. Each experiment was repeated at least three independent times. c Cdk5 and ALDH1A1 association under normal and neurotoxic conditions in HT22 cells. ALDH1A1 was immunoprecipitated from either control or glutamate-treated HT22 cells (for 0-6 h), and the association of ALDH1A1 and Cdk5 analyzed. Lower panel shows ALDH1A1 levels from total cell lysate. d Cdk5 binds ALDH1A1 directly. ALDH1A1 and Cdk5 association was analyzed using recombinant Cdk5 and ALDH1A1 in an in vitro pull-down assay. 6× His-Cdk5 on beads was incubated with ALDH1A1 and their binding analyzed. e Cdk5 and ALDH1A1 bind directly. ALDH1A1 on beads was incubated with recombinant Cdk5 and their binding analyzed in an in vitro pull-down assay. f Glutamate stimulates the association of p35/p25 with ALDH1A1. p35/p25 were immunoprecipitated from either control or glutamate-treated HT22 cells (for 0-6 h), and the association of p35/p25 with ALDH1A1 analyzed. Each experiment was repeated at least three independent times. g Glutamate stimulates association of p35/p25 and ALDH1A1. ALDH1A1 was immunoprecipitated from either control or glutamate-treated HT22 cells (for 0-6 h), and the association of ALDH1A1 and p35/p25 was analyzed. Each experiment was repeated at least three independent times. h ALDH1A1 does not bind with p35 or p25 directly. ALDH1A1 and p35 or p25 association was analyzed using recombinant p35, p25, and ALDH1A1 in an in vitro pull-down assay. Recombinant ALDH1A1 on beads was incubated with 6× His-p35 or 6× His-p25 and binding analyzed. i Cdk5 associates with p35/p25 upon glutamate stimulation. p35/p25 were immunoprecipitated from either control or glutamate-treated HT22 cells (for 0-6 h), and the association of p35/p25 with Cdk5 analyzed. Each experiment was repeated at least three independent times. j Cdk5 associates with p35 and p25 upon glutamate stimulation. k Cdk5 activity increases upon glutamate treatment in HT22 cells. Cdk5 kinase assay was performed as described in the BMaterials and Methods^section. Each experiment was repeated at least three independent times. *p < 0.05, compared with untreated HT22 cells ALDH1A1 in control cells (Fig. 1b, lane 1) . However, upon glutamate treatment, a time-dependent increase in the association between Cdk5 and ALDH1A1 was observed. These results were confirmed by reciprocal immunoprecipitation, where ALDH1A1 immune complexes were isolated, which also revealed increased association of Cdk5 and ALDH1A1 upon glutamate treatment (Fig. 1c) .
To examine whether their association was direct or indirect, we conducted in an in vitro pull-down assay using recombinant Cdk5 and ALDH1A1. IgG was used as a negative control. Cdk5 on beads was incubated with recombinant ALDH1A1, which pulled down ALDH1A1 (Fig. 1d) . Similarly, ALDH1A1 immune complex pulled down Cdk5, confirming a direct association between these proteins (Fig. 1e ).
This finding prompted us to investigate whether ALDH1A1 binds to Cdk5 activators, p35, or p25 in HT22 cells. The p35/p25 immune complexes were isolated from untreated and glutamate-treated HT22 cells, and their potential binding to ALDH1A1 analyzed. Glutamate treatment triggered the formation of p25 as expected (Fig. 1f) . As observed for Cdk5 immune complex, ALDH1A1 was only present in glutamate-treated cells, suggesting that ALDH1A1 associates with p35/p25 specifically under neurotoxic conditions (Fig.  1f) . Similarly, when ALDH1A1 was isolated, p35/p25 were present only in glutamate-exposed cells (Fig. 1g) . These results confirm that Cdk5 and p35/p25 associate with ALDH1A1 under neurotoxic conditions.
We next investigated potential binding of p35 and p25 to ALDH1A1 independent of Cdk5 in an in vitro binding assay using purified recombinant ALDH1A1, p35 and p25. IgG was used as a negative control. Recombinant ALDH1A1 on beads was either incubated with 6× His-p35 or 6× His-p25. ALDH1A1 immune complex showed no binding with either p35 or p25, suggesting that the presence of ALDH1A1 in p35/ p25 complex is due to its binding with Cdk5 (Fig. 1h) .
To confirm this finding, we analyzed Cdk5 levels in the p35/p25 immune complex, which associated with p35 and p25 only in glutamate-treated cells (Fig. 1i) . In a reciprocal experiment, Cdk5 immune complex was isolated from control and glutamate-treated cells and p35 and p25 levels analyzed. As predicted, p35 and p25 were present predominantly in the glutamate-exposed cells (Fig. 1j) . Since p25 binding increases Cdk5 activity, we also measured Cdk5 activity in these cells. Cdk5 activity increases > 2-fold after glutamate treatment (Fig. 1k) . These results reveal that ALDH1A1 directly binds to Cdk5 upon neurotoxic stimulation, suggesting that ALDH1A1 may be a disease-specific target of Cdk5.
Cdk5 Regulates the Subcellular Localization of ALDH1A1 in HT22 Cells
Direct association of Cdk5 and ALDH1A1 in glutamateexposed HT22 cells prompted us to investigate their subcellular localization in HT22 cells. In untreated cells, Cdk5 and ALDH1A1 were cytoplasmic (Fig. 2a) . Glutamate exposure triggered an increased nuclear translocation of both Cdk5 and ALDH1A1 (Fig. 2a, b) . Cdk5 inhibition using roscovitine retained both ALDH1A1 and Cdk5 in the cytoplasm, suggesting that they not only colocalize but that Cdk5 also regulates the subcellular localization of ALDH1A1 (Fig. 2a, b) . We also conducted cytosolic and nuclear fractionation of control and treated cells, which too revealed increased nuclear translocation of Cdk5 and ALDH1A1 upon glutamate stimulation, which was Cdk5-dependent (Fig. 2c ).
Cdk5 Knockdown Inhibits Nuclear Translocation of ALDH1A1
We also knocked down Cdk5, which completely inhibited nuclear translocation of ALDH1A1 triggered by glutamate (Fig. 2d, e) . Nuclear and cytoplasmic fractions of control and treated cells further confirmed these results (Fig. 2f) . Notably, increased levels of lamin A were observed in the cytosolic fraction of glutamate-treated cells (Fig. 2c) , compared to Cdk5-inhibited (Fig. 2c) or Cdk5-depleted cells (Fig. 2f) . This finding is consistent with our previous report that showed rapid dispersion of nuclear lamina in glutamatetreated cells triggered by Cdk5-mediated phosphorylation of lamin A and lamin B1 [40] .
Cdk5 Phosphorylates ALDH1A1 at S75 and S274
Cdk5 is a proline-directed kinase which preferentially phosphorylates SP and TP sites with adjacent basic residues. Based on this preference, we generated two phospho-resistant mutants of ALDH1A1 (S75A and S274A, human numbering) and subjected them to kinase assays using Cdk5-p25. ALDH1A1 was phosphorylated at both of these sites by Cdk5-p25 (Fig. 3a) . However, we consistently observed that S75 was the preferential phosphorylation site, as S75A mutant showed reduced phosphorylation compared to S274 site. The corresponding double mutant (S75A, S274A)-ALDH1A1 (abbreviated as 2A-ALDH1A1) was not phosphorylated by Cdk5-p25, suggesting that these are the only Cdk5 sites on ALDH1A1 (Fig. 3b) . Fig. 2 Cdk5 promotes nuclear localization of ALDH1A1 upon glutamate stimulation. a Glutamate stimulates nuclear translocation of Cdk5 and ALDH1A1. HT22 cells were treated with glutamate for 0-12 h with or without roscovitine, followed by immunostaining as described in the BMaterials and Methods^section. Representative pictures are shown. Scale bar, 20 μm. b Quantification of the subcellular localization of ALDH1A1 in the cell nucleus versus the cytoplasm. The graphs show the mean ± SEM of the relative fluorescence intensity with respect to control cells. *p < 0.05 versus nucleus fraction control analyzed by twoway analysis of variance. c Subcellular fractionation of ALDH1A1 in glutamate-treated HT22 cells in the absence or presence of roscovitine as described in the BMaterials and Methods^section. Alpha-tubulin is the cytoplasmic marker and lamin A is the nuclear marker. N nuclear fraction, C cytoplasmic fraction. d Cdk5 knockdown inhibits nuclear translocation of ALDH1A1. HT22 cells were treated with Cdk5 shRNA for 30 h, followed by glutamate treatment for 1.5-12 h. e Quantification of the subcellular localization of ALDH1A1 in the cell nucleus versus the cytoplasm. The graphs show the mean ± SEM of the relative fluorescence intensity with respect to control cells. f Cdk5 shRNA-infected HT22 cells were treated with glutamate and fractionated as described in the BMaterials and Methods^section. Alpha-tubulin is the cytoplasmic marker and lamin A is the nuclear marker. N nuclear fraction, C cytoplasmic fraction Cdk5-Mediated Nuclear Envelop Dispersion Is Responsible for the Nuclear Translocation of ALDH1A1
To uncover the consequences of Cdk5-mediated phosphorylation of ALDH1A1, we generated wild-type HA-tagged ALDH1A1-expressing and phosphorylation-resistant HAtagged 2A-ALDH1A1-expressing HT22 cells and exposed them to glutamate for varying periods (0, 1.5, 3, 6, and 12 h). As expected, ALDH1A1-HT22 cells displayed nuclear localization of ectopically expressed ALDH1A1, which was Cdk5 dependent (Fig. 3c, d ). Nuclear and cytosolic fractionation further validated that Cdk5 triggers ALDH1A1 migration to the nucleus in glutamate-treated cells (Fig. 3e) .
Similarly, Cdk5 knockdown resulted in complete inhibition of ALDH1A1 nuclear translocation in the presence of glutamate (Fig. 3f, g ). These findings show that wild-type HA-tagged ALDH1A1 behaves similarly to endogenous ALDH1A1 and shows identical subcellular localization and migration in control and glutamate-treated HT22 cells.
We next exposed phosphorylation-resistant 2A-ALDH1A1-HT22 cells to glutamate for varying periods. Similar to wild-type ALDH1A1-HT22 cells, glutamate treatment triggered robust nuclear localization of Cdk5 (Fig. 4a, b) . Interestingly, phosphorylation-dead 2A-ALDH1A1 also migrated to the nucleus following glutamate exposure (analyzed using HA antibody), suggesting that Cdk5-mediated phosphorylation of ALDH1A1 is not responsible for its nuclear translocation (Fig. 4a, c) . Cytoplasmic and nuclear fractionation further confirmed this finding (Fig. 4d) . These data show that although nuclear translocation of ALDH1A1 depends on Cdk5, it is not due to Cdk5-mediated phosphorylation. Since Cdk5 deregulation leads to nuclear envelop dispersion (Fig. 2c) , these data suggest that ALDH1A1 is mislocalized to the nucleus due to nuclear lamina fragmentation.
Cdk5 Increases ALDH1A1 Messenger RNA Levels in Glutamate-Treated HT22 Cells
We next examined the consequences of ALDH1A1 regulation under neurotoxic conditions, and whether it was mediated by Cdk5. HT22 cells were treated with glutamate for either 12 or 24 h, which resulted in moderate increase in its messenger RNA (mRNA) levels (~1.3-and 1.7-fold, respectively, analyzed by semi-quantitative PCR). Cdk5 ablation largely prevented this increase in ALDH1A1 transcription, particularly at 24 h, suggesting that this process is Cdk5-dependent (Supplementary Fig. 2A, B) . We also analyzed ALDH1A1 transcript levels in glutamate-treated HT22 cells using realtime qPCR, which further supported that the modest increase in ALDH1A1 transcript levels in neurotoxin-exposed cells is regulated by Cdk5 (Fig. 4e ).
Cdk5-Mediated Phosphorylation Increases ALDH1A1
Protein Levels in Glutamate-Treated HT22 Cells As Cdk5 directly phosphorylates ALDH1A1, we investigated whether it was also regulated post-translationally in HT22 cells. Glutamate treatment for 6 h resulted in > 2-fold increase in ALDH1A1 levels, which increased to~3-fold at 12 h and remained constant at 24 h (Fig. 4f, g ). To determine whether this increase was mediated by Cdk5, ALDH1A1 levels were examined in glutamate-exposed HT22 cells (12 h) with or without Cdk5 shRNA or roscovitine. Glutamate treatment resulted in significant increase in ALDH1A1 levels which was inhibited by Cdk5 inhibition or depletion (Fig. 4h, i) .
As the increase in ALDH1A1 protein levels was significantly higher than its mRNA levels, it suggested that ALDH1A1 is also regulated post-translationally. Thus, we exposed ALDH1A1-HT22 and 2A-ALDH1A1-HT22 cells to glutamate for 12 h with or without roscovitine or Cdk5 shRNA. In glutamate-treated ALDH1A1-HT22 cells, ALDH1A1 levels increased in a Cdk5-dependent manner ( Supplementary Fig. 2C, D) . Both Cdk5 inhibition and knockdown inhibited increase in ALDH1A1 levels, suggesting it to be a Cdk5-dependent process (Fig. 4j, k) .
In contrast, 2A-ALDH1A1-HT22 cells exhibited a modest increase in 2A-ALDH1A1 levels compared to ALDH1A1-HT22 cells upon glutamate exposure (Fig. 4l, m) . This finding was further supported by Cdk5 knockdown and inhibition, which had little effect on phosphorylation-dead ALDH1A1 levels (Fig. 4n, o) . These results demonstrate that Cdk5 increases ALDH1A1 levels in neurotoxin-exposed neuronal cells both at transcriptional level and by direct phosphorylation at S75 and S274 sites.
Cdk5 Activates ALDH1A1 Dehydrogenase Activity Via Phosphorylation ALDH1A1 has a NAD + binding pocket (amino acids 8-135 and 159-270), a catalytic site (271-470), and an oligomerization domain (amino acids 140-158 and 486-495). S75 is present within the NAD + binding pocket and S274 is part of the catalytic site, buried deep in the binding pocket (Fig. 5a ). The neighboring E269 residue in the active site is crucial for catalysis. We phosphorylated ALDH1A1 (expressed as 6× Histagged protein in Escherichia coli) using Cdk5-p25, which triggered a robust increase in ALDH1A1 activity (Fig. 5b) . Figure 3A shows relative ALDH1A1 activity after 150 min. This increase was diminished upon treatment with calf-intestinal alkaline phosphatase (Fig. 5c ). Cdk5-mediated increase in ALDH1A1 activity suggested that phosphorylation-dead ALDH1A1 mutant may possess low intrinsic activity. However, the complete lack of activity observed in 2A-ALDH1A1 mutant suggested that mutations at S75 and S274 likely perturb either NAD + binding and/or impair the catalytic activity of ALDH1A1, rendering it inactive ( Fig. 5d and Supplementary Fig. 3B ).
Cdk5-Mediated Phosphorylation of ALDH1A1 Regulates Its Oligomeric States
ALDH1A1 can exist in monomeric, dimeric, or tetrameric forms. At high concentrations, it predominantly exists as tetramer, similar to most oligomeric proteins. We observed little dimer at all concentrations, suggesting that the tetramer and the monomer are most abundant forms of ALDH1A1. We recently reported that aurora kinase A (AURKA)-mediated phosphorylation of ALDH1A1 triggers the formation of monomers, which possess higher intrinsic activity [36] . Therefore, we hypothesized that Cdk5-mediated phosphorylation of ALDH1A1 may too alter its oligomeric state.
As the phosphorylation advanced, ALDH1A1 oligomeric distribution significantly shifted towards the monomeric form (Fig. 5e ). The simultaneous decrease in tetramer concentration served as an internal control to confirm its dissociation upon phosphorylation. Figure 5f displays average relative changes in tetramer and monomer abundance upon Cdk5-mediated phosphorylation. Figure 5g shows average ratio of normalized monomer to tetramer as a function of time derived from three independent experiments.
We conducted a similar kinetic analysis and measured the dehydrogenase activity of ALDH1A1 using a native in-gel activity assay to determine which oligomeric species had the highest activity with and without phosphorylation. Upon phosphorylation, the monomeric species exhibited the highest activity (> 3-fold increase), whereas the tetramer showed little to no change (Fig. 5h, i) . Figure 5j shows quantification of oligomer-specific ALDH1A1 activities from three independent experiments.
We next sought the oligomeric species that was most phosphorylated to examine a potential correlation between phosphorylation and activity. As predicted, the monomeric population which was formed was highly phosphorylated ( Fig. 5k-m) . These data suggest that ALDH1A1 phosphorylation triggers the dissociation of the tetramer into monomer. Furthermore, the most phosphorylated monomer exhibits the highest enzymatic activity among all of the oligomeric species.
Cdk5 Plays a Neuroprotective Role by Upregulating ALDH1A1 in Glutamate-Exposed Cells
Cdk5 deregulation is known to trigger several neurodegenerative pathways. Since ALDH1A1 was both activated and upregulated in a Cdk5-dependent manner, we examined whether modulation of ALDH1A1 levels conferred neuroprotection or neurotoxicity in control and glutamate-treated cells. We exposed HT22 cells to glutamate for 24 h, which resulted in > 50% loss in cell viability. Cdk5 depletion largely protected these cells (Fig. 6a) . In contrast, Cdk5 inhibition using roscovitine was partially neuroprotective, which was consistent with our was visualized using anti-HA antibody. Alpha-tubulin is the cytoplasmic marker and lamin A is the nuclear marker. N nuclear fraction, C cytoplasmic fraction. e HT22 cells were treated with glutamate and Cdk5 shRNA and total mRNA levels of ALDH1A1 were detected by real-time qPCR. Expression levels are normalized to the expression of actin. Results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated HT22 cells. # p < 0.05, compared with only glutamate-treated HT22 cells. f HT22 cells were treated with glutamate for 0-24 h and the total levels of ALDH1A1 analyzed. g Average relative ratios of ALDH1A1 band intensities to alpha-tubulin band intensities upon glutamate treatment as obtained from three independent experiments. *p < 0.05, compared with untreated HT22 cells. h HT22 cells were treated with glutamate for 12 h, in the presence and absence of roscovitine or Cdk5 shRNA, and then, the total levels of ALDH1A1 were analyzed. i ALDH1A1 protein levels in HT22 cells in response to glutamate treatment with or without roscovitine and Cdk5 shRNA. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated HT22 cells. # p < 0.05, compared with only glutamatetreated HT22 cells. j ALDH1A1-HT22 cells were treated similarly as in h and the ALDH1A1 levels analyzed. k ALDH1A1 protein levels in ALDH1A1-HT22 cells in response to glutamate treatment with or without roscovitine and Cdk5 shRNA. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated ALDH1A1-HT22 cells, and p < 0.05, compared with only glutamatetreated HT22 cells. l 2A-ALDH1A1-HT22 cells were treated similarly as in f and total levels of ALDH1A1 analyzed. m Average relative ratios of HA (ALDH1A1) band intensities to alpha-tubulin band intensities upon glutamate treatment as obtained from three independent experiments. *p < 0.05, compared with untreated 2A-ALDH1A1-HT22 cells. n 2A-ALDH1A1-HT22 cells were treated similarly as in h and the ALDH1A1 levels analyzed. o ALDH1A1 protein levels in HT22 cells in response to glutamate treatment with or without roscovitine and Cdk5 shRNA. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated 2A-ALDH1A1-HT22 cells previous results [39] . Roscovitine also inhibits Cdk1 and Cdk2, both of which are critical for cell cycle in HT22 cells.
We next analyzed the impact of ALDH1A1 overexpression on cell viability. HT22, ALDH1A1-HT22, and 2A-ALDH1A1-HT22 cells exhibited similar cell viability under normal conditions (Fig. 6b) . However, upon glutamate exposure, whereas HT22 cells revealed < 50% viability, ALDH1A1-expressing cells showed > 80% cell viability. In contrast, 2A-ALDH1A1 expression offered little neuroprotection (Fig. 6b) . Cdk5 depletion was highly and equally neuroprotective in all three glutamate-exposed cell lines as predicted. Thus, ectopic expression of ALDH1A1 is neuroprotective, which can counteract Cdk5-induced neurotoxicity to a significant extent. Notably, this finding indicated that Cdk5 in fact plays a neuroprotective role in glutamate-exposed cells by upregulating ALDH1A1. This result is in stark contrast with numerous known neurodegenerative pathways that are triggered by deregulated Cdk5.
Multifaceted Regulation of ALDH1A1 by Cdk5 in HT22 Cells: Neuroprotective and Neurodegenerative Roles of Cdk5
An increase in ALDH1A1 activity upon phosphorylation by Cdk5-p25 in vitro prompted us to investigate ALDH1A1 activity in HT22 cells exposed to glutamate. ALDH1A1 immunoprecipitated from HT22 cells displayed robust activity, which increased considerably after 12 h of glutamate treatment ( Fig. 6c and Supplementary Fig. 4A ). However, when ALDH1A1 was isolated after 24 h of glutamate treatment, it exhibited even lower activity than control HT22 cells. This result was unexpected as ALDH1A1 levels remain constant after 12 and 24 h of glutamate treatment (Fig. 4f, g ). We also analyzed the activity of mutant ALDH1A1 isolated from 2A-ALDH1A1-HT22 cells (using HA antibody) upon glutamate treatment. As expected, 2A-ALDH1A1 was inactive, which underscores the importance of S75 and S274 residues for maintaining ALDH1A1 activity ( Fig. 6c and Supplementary Fig. 4A ).
We next investigated the impact of Cdk5 knockdown on ALDH1A1 activity in control and glutamate-treated cells. As before, exposure to glutamate increased ALDH1A1 activity in 12 h, but plummeted below the control levels in 24 h. Remarkably, Cdk5 knockdown prevented the increase in ALDH1A1 activity to a significant extent in 12-h glutamatetreated cells, but rescued~50% of the decrease in ALDH1A1 activity in 24-h glutamate-treated cells ( Fig. 6d and Supplementary Fig. 4B ). This result was surprising as it suggested that Cdk5 is likely playing both a positive and a negative role in regulating ALDH1A1 activity in cells.
Cdk5 Inactivates ALDH1A1 Dehydrogenase Activity Via Sustained Oxidative Stress in Cells
To further delve into the mechanism of ALDH1A1 inactivation at 24 h, a potential role of oxidative stress in inactivating ALDH1A1 was examined in HT22 cells. Our previous studies have shown that Cdk5 promotes the formation of reactive oxygen species (ROS) in glutamate-and β-amyloid-treated HT22 cells and primary neurons. Cdk5 directly phosphorylates antioxidant proteins, peroxiredoxin-I (Prx-I) and peroxiredoxin-II (Prx-II), at T90 and T89 sites, respectively, which inactivate them, leading to increased oxidative stress [39] .
Oxidative stress leads to lipid peroxidation, which generates over 200 different aldehydes, most of which are highly reactive and toxic [45] . ALDH enzymes including ALDH1A1 metabolize these aldehydes and thus mitigate oxidative/electrophilic stress in cells. However, as ALDH1A1 possesses a catalytic cysteine residue (C302), which is crucial for its dehydrogenase activity [44] , we hypothesized that sustained oxidative stress triggered by Cdk5 deregulation may render ALDH1A1 inactive over time in glutamate-exposed HT22 cells. Glutamate treatment prevents cysteine uptake in HT22 cells, resulting in glutathione loss and increase in ROS levels [46] .
To test this hypothesis, we eliminated ROS by transducing constitutively active TAT-peroxiredoxin-II-T89A (TAT-Prx-II-T89A) in neurotoxin-stimulated HT22 cells [39] . As Prx-II activity is eliminated by phosphorylation at T89 by Cdk5, Prx-II-T89A is constitutively active. TAT-RFP was used as a control, which showed no effect on any cellular event Comparative spectrophotometric analysis of ALDH1A1 activity upon phosphorylation by Cdk5. ALDH1A1 activities with and without ATP and Cdk5 were used as controls. c Dephosphorylation of ALDH1A1 by calf-intestinal alkaline phosphatase (CIP) decreases its dehydrogenase activity. Each experiment was done at least three independent times. Representative data are shown. d ALDH1A1-phosphorylation-dead mutant have minimal enzymatic activity. e Phosphorylation of ALDH1A1 by Cdk5 triggers ALDH1A1 oligomers to dissociate to the monomeric form. f Average relative changes in tetramer and monomer abundance derived from three independent experiments. The intensities of tetramer and monomer at each time were normalized independently against time 0. *p < 0.05 versus monomer and # p < 0.05 versus tetramer at 15 and 30 min, respectively, from three independent experiments. g Average ratio of normalized monomer to tetramer as a function of time. To account for the large difference in tetramer and monomer abundance, the intensity of each band was normalized against the tetramer intensity at time zero and the ratio of monomer to tetramer was plotted as a function of time (*p < 0.05 at 15 and 30 min). h Activity staining of phosphorylation-induced ALDH1A1 monomer harbors high dehydrogenase activity. i Coomassie G-250 stain of h. j Quantification of oligomerspecific ALDH1A1 activity from three independent experiments (*p < 0.05 at 15 and 30 min) analyzed by two-way analysis of variance. Specifically, monomer and tetramer intensities of activity and Coomassie stain at 15 and 30 min of phosphorylation were normalized against the unphosphorylated tetramer control (basal activity); then, the normalized activity of each oligomer was divided by its respective normalized Coomassie signal to generate the plot. k Phos-tag staining of phosphorylated ALDH1A1 separated using native gel. l Coomassie G-250 stain of k. m Quantification of normalized Phos-tag intensities with respect to total protein levels from three independent experiments. Protein quantification was carried out in the same way as described for the activity assay (*p < 0.05 for monomer at 0 and 30 min analyzed by two-way analysis of variance). The green color denotes phosphorylation-specific signal investigated. Glutamate exposure for 12 h showed a robust increase in ALDH1A1 activity, while 24 h treatment revealed substantially diminished activity ( Fig. 6e and Supplementary  Fig. 4C ). However, when TAT-Prx-II (T89A) was added after 16 h of glutamate treatment and ALDH1A1 activity monitored after another 8 h (total 24 h of glutamate treatment), it significantly rescued ALDH1A1 activity ( Fig. 6e and Supplementary Fig. 4C ). Likewise, when TAT-Prx-II (T89A) was transduced after 12 h of glutamate treatment and incubated for another 12 h (total 24 h of treatment), it rescued ALDH1A1 activity to a higher degree ( Fig. 6e and Supplementary Fig. 4C ). These results show that although ALDH1A1 levels remain constant at 12 and 24 h of glutamate treatments, Cdk5-induced oxidative stress renders ALDH1A1 inactive, abolishing its neuroprotective function.
Persistent Neurotoxic Conditions Irreversibly Impairs ALDH1A1 Activity
We examined whether oxidation of catalytic cysteine was inactivating ALDH1A1 under neurotoxic conditions. ALDH1A1 was isolated from glutamate-treated HT22 cells exposed for 12 and 24 h, and their catalytic activity was examined in the absence or presence of DTT in vitro. Addition of DTT slightly improved the dehydrogenase activity of ALDH1A1 isolated after 12 h of treatment; however, it could not salvage the activity of ALDH1A1 isolated after 24 h of treatment ( Fig. 6f and Supplementary Fig. 4D ). These results show that ALDH1A1 is irreversibly damaged by other ROSinduced injuries upon prolonged exposure.
Paradoxically Cdk5-Induced Oxidative Stress Contributes to ALDH1A1 Upregulation at Transcriptional Level
Many studies show a detoxifying role of ALDH1A1 in mitigating oxidative stress-induced injury; however, to our knowledge, no study has shown ALDH1A1 upregulation in cells exposed to oxidative stress. To examine whether oxidative stress generated by glutamate alters ALDH1A1 levels, we exposed HT22 cells to glutamate for 12 h, followed by the addition of TAT-Prx-II (T89A) for another 12 h. Eliminating ROS using TAT-Prx-II for the last 12 h of glutamate treatment resulted in~30% decrease in ALDH1A1 levels, compared to glutamate-treated cells. Similarly,~15% decrease in ALDH1A1 levels was observed when TAT-Prx-II was added in HT22 cells after 16 h of glutamate treatment for another 8-h incubation. This result suggested that abrogation of oxidative Fig. 6 Upregulation of ALDH1A1 by Cdk5 is initially neuroprotective and finally neurodegenerative. a Cdk5 depletion provides neuroprotection upon glutamate exposure. Scrambled-shRNA-infected Cdk5-shRNA-or ALDH1A1-shRNA-infected or roscovitine-exposed HT22 cells were treated with glutamate for 24 h. Cell viability was examined using an MTT assay. *p < 0.05, compared with untreated HT22 cells. b ALDH1A1 overexpression rescue cells from glutamate-induced neurotoxicity. HT22, ALDH1A1-HT22, and 2A-ALDH1A1-HT22 cells were treated with glutamate, roscovitine, and Cdk5 shRNA and cell viability tested by using an MTT assay. c Glutamate treatment increased ALDH1A1 activity in HT22 cells while the phosphorylation-resistant mutant cells have diminished enzymatic activity. HT22 and 2A-ALDH1A1-HT22 cells were treated with glutamate for 12 and 24 h. ALDH1A1 was immunoprecipitated using ALDH1A1 and HA antibody, respectively, and enzyme activity was performed as described in the BMaterials and Methods^section. d Cdk5 depletion partially prevents the increase in ALDH1A1 activity in 12-h glutamate-treated cells, but rescues~50% of the decrease in ALDH1A1 activity in 24-h glutamate-treated cells. HT22-and Cdk5-shRNA-treated-HT22 cells were exposed to glutamate for 12 and 24 h. ALDH1A1 was isolated and its activity analyzed. e Elimination of oxidative stress restores ALDH1A1 activity to a significant extent. First set of HT22 cells was treated with glutamate for 12 and 24 h. Second set was pretreated with glutamate for 12 and 16 h, followed by treatment with 200-nM TAT-fused peroxiredoxin-II-T89A for the next 12 and 8 h, respectively. TAT-fused peroxiredoxin-II-T89A protein was purified fresh and added every 4 h. TAT-fusion red fluorescent protein (TAT-RFP) was used as a control. ALDH1A1 immune complex was isolated and its dehydrogenase activity determined as described in the BMaterials and Methodsŝ ection. f DTT treatment is beneficial for ALDH1A1 enzymatic activity initially. HT22 cells were treated with glutamate for 12 and 24 h. ALDH1A1 was immunoprecipitated using ALDH1A1 antibody, and enzyme activity was performed with or without 10 mM DTT in reaction buffers as described in the BMaterials and Methods^section. g Eliminating oxidative stress affects ALDH1A1 level. HT22 cells were treated as described in e and ALDH1A1 levels analyzed. h ALDH1A1 protein levels in HT22 cells in response to glutamate treatment with or without TAT-Prx-II (T89A) pretreatment. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated HT22 cells, and # p < 0.05, compared with only glutamate-treated HT22 cells. i Exposure to sub-lethal concentration of H 2 O 2 increases ALDH1A1 protein levels. HT22 cells were treated with varying concentrations of H 2 O 2 for 12 h and ALDH1A1 levels analyzed. j ALDH1A1 mRNA increases on exposure to glutamate treatment. HT22 cells were exposed to 5 mM glutamate and ALDH1A1 mRNA levels analyzed using semiquantitative PCR after 12 and 24 h of treatments. k ALDH1A1 mRNA levels in HT22 cells in response to glutamate treatment for 12 and 24 h. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated HT22 cells. l Exposure to sub-lethal concentration of H 2 O 2 increases ALDH1A1 mRNA levels in HT22 cells. m Exposure to sub-lethal concentration of H 2 O 2 increases ALDH1A1 mRNA levels. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated HT22 cells. n Glutamate exposure decreases ALDH1A1 ubiquitylation in a Cdk5-dependent manner. 6× His ubiquitin was expressed in HT22 cells, followed by glutamate treatment for 12 h in the presence and absence of Cdk5 shRNA. ALDH1A1 was immunoprecipitated and potential ubiquitylation analyzed using 6× His antibody. Each experiment was done at least three independent times. Representative data are shown. o HA-tagged wild-type ALDH1A1 displays less ubiquitylation in response to glutamate treatment. HA-ALDH1A1-HT22 cells were treated similarly as described above, and ubiquitylated proteins were isolated using HA antibody and analyzed. Each experiment was done at least three independent times. Representative data are shown. p 2A-ALDH1A1 is resistant to Cdk5-dependent protection to ubiquitylation. 2A-ALDH1A1-HT22 cells were treated similarly, and ubiquitylated proteins were isolated using HA antibody and analyzed. Each experiment was done at least three independent times. Representative data are shown b stress reduces ALDH1A1 levels (Fig. 6g). Figure 6h shows the effect of ROS elimination on ALDH1A1 levels from three independent experiments.
To further confirm that glutamate-induced oxidative stress is contributing to ALDH1A1 upregulation, we treated HT22 cells with 10, 50, and 100 μM of hydrogen peroxide for 12 h and analyzed the levels of ALDH1A1. Exposure to 10 and 50 μM H 2 O 2 increased the levels of ALDH1A1, confirming that oxidative stress increases ALDH1A1 levels (Fig. 6i) . As 100 μM H 2 O 2 was toxic to cells, the decrease in ALDH1A1 levels was expected. Although the increase in ALDH1A1 level was modest but statistically significant in glutamate or oxidative stressinduced cells, we next examined whether this increase was transcriptionally regulated. HT22 cells were either exposed to glutamate (12 and 24 h) or H 2 O 2 (12 h) and ALDH1A1 mRNA levels analyzed using semi-quantitative PCR. Glutamate treatment showed minimal increase in ALDH1A1 mRNA levels after 12 h, but showed almost 1.5-fold increase after 24 h of glutamate treatment (Fig. 6j, k) . Similarly, we observed approximately 1.5-fold enhancement in ALDH1A1 mRNA levels in 50-μM H 2 O 2 -exposed cells, but not at higher toxic concentration (Fig. 6l, m) . These data suggest that Cdk5-mediated oxidative stress in glutamate-exposed cells contributes to ALDH1A1 mRNA upregulation at the transcriptional level as was observed before (Fig. 4e) .
Cdk5-Mediated Phosphorylation of ALDH1A1 Stabilizes Its Protein Level
As the decrease in ALDH1A1 levels upon TAT-Prx-II transduction was~30% compared to glutamate-treated cells (Fig. 6g, h) , it suggested that glutamate-induced ROS upregulates ALDH1A1 to some extent, but does not fully account for Cdk5-mediated upregulation of ALDH1A1 (which was~3-fold; Fig. 4f ). Therefore, we investigated whether Cdk5-mediated phosphorylation of ALDH1A1 contributes to its increased stability. The 6× His ubiquitin was expressed in HT22, ALDH1A1-HT22, and 2A-ALDH1A1-HT22 cells, followed by glutamate treatment for 12 h. ALDH1A1 was immunoprecipitated using either ALDH1A1 antibody (Fig. 6n) or using HA antibody (Fig. 6o, p) and potential ubiquitylation analyzed. As shown in Fig. 6n , glutamate treatment resulted in reduced ubiquitylation of ALDH1A1 (compare lanes 1 and 2), which was inhibited upon Cdk5 depletion (compare lanes 2 and 3). Similar results were obtained in HAtagged ALDH1A1-HT22 cells upon glutamate treatment, confirming that Cdk5 promotes ALDH1A1 stabilization in glutamate-exposed HT22 cells (Fig. 6o) . In contrast, HAtagged 2A-ALDH1A1 cells showed almost similar level of ubiquitylation in control, glutamate-treated, and glutamateand Cdk5-shRNA-treated cells, thereby suggesting that Cdk5-mediated phosphorylation of ALDH1A1 contributes to increased stability of ALDH1A1 (Fig. 6p) .
Collectively, these data reveal multi-layered regulation of ALDH1A1 by Cdk5 in neurotoxin-exposed neuronal cells. First, Cdk5-induced oxidative stress contributes to an increase in ALDH1A1 levels via increased transcription. Second, Cdk5-mediated direct phosphorylation of ALDH1A1 prevents its ubiquitylation leading to increased protein levels. Third, Cdk5-dependent phosphorylation of ALDH1A1 increases its dehydrogenase activity by altering its oligomeric state. Fourth, persistent oxidative stress triggered by Cdk5 deregulation impacts ALDH1A1 enzymatic activity rendering its inactive.
Thus, these data highlight contrasting roles of Cdk5 in the regulation of ALDH1A1. Initially, Cdk5 attempts to mitigate ensuing oxidative stress by upregulating ALDH1A1 via phosphorylation and paradoxically by increasing oxidative stress. However, later, sustained oxidative stress generated by Cdk5 inhibits ALDH1A1 activity, leading to neurotoxicity. Thus, it appears that Cdk5 is initially neuroprotective and eventually neurotoxic in AD pathogenesis.
ALDH1A1 Upregulation Is Highly Neuroprotective in Mature Primary Cortical Neurons Under Excitotoxic Conditions
To determine a potential role of Cdk5 in regulating ALDH1A1 signaling under more pathologically relevant conditions, we chose 100 μM glutamate as the stimulus to induce excitotoxicity in mature mouse primary cortical neurons [47] . Excitotoxicity resulted in~60% loss in neuronal viability over 24 h, which was largely prevented by Cdk5 depletion (Fig. 7a) . Roscovitine partially prevented loss of cell viability, consistent with the results obtained in HT22 cells (Fig. 6a) . Importantly, ALDH1A1 upregulation mostly prevented this loss, which highlights its critical neuroprotective role under neurotoxic conditions (Fig. 7b) .
Cdk5 Regulates ALDH1A1 Subcellular Localization in Mature Primary Cortical Neurons Upon Excitotoxicity
To investigate the regulation of ALDH1A1 under excitotoxic conditions, we analyzed its subcellular localization. Exposure of mature mouse primary cortical neurons to glutamate led to a robust increase in the nuclear translocation of both Cdk5 and ALDH1A1, which was inhibited by roscovitine and Cdk5 depletion (Fig. 7c-e) . Cdk5 inhibition or depletion also resulted in significant shrinkage of neurites and axon, which is consistent with previous findings highlighting a key role of Cdk5 in neuronal differentiation in primary cortical neurons (Fig. 7c, e) [48] .
ALDH1A1 Is Upregulated at mRNA and Protein Levels in Mature Primary Cortical Neurons Under Excitotoxic Conditions
Excitotoxicity also caused a slight increase in ALDH1A1 transcription at 12 h (1.2-fold), which increased to~1.5-fold in 24 h (Fig. 7f) , similar to that obtained using HT22 cells (Fig.  4e) . Cdk5 ablation inhibited the increase in ALDH1A1 transcription. Figure 7g shows average ALDH1A1 mRNA levels in primary cortical neurons upon excitotoxicity from three independent experiments, determined using semiquantitative PCR. We also quantified ALDH1A1 transcript levels in primary cortical neurons exposed to excitotoxicity using real-time qPCR, which further confirmed that the modest increase in ALDH1A1 transcript levels is regulated by Cdk5 (Fig. 7h) .
ALDH1A1 protein levels were also examined in glutamate-exposed primary neurons. Similar to HT22 cells, glutamate treatment led to an~3.3-fold increase in ALDH1A1 levels in 12 h, which remained constant after 24 h (Fig. 7i) . Figure 7j displays the alterations in ALDH1A1 levels when exposed to excitotoxic conditions from three independent experiments. Both Cdk5 knockdown and inhibition largely prevented this increase in ALDH1A1 levels (Fig. 7k, l) .
Cdk5 Initially Increases ALDH1A1 Enzymatic Activity Upon Excitotoxicity
ALDH1A1 activity was subsequently examined in glutamate-exposed primary cortical neurons, which revealed a robust increase in ALDH1A1 activity at 12 h, which declined below control levels in 24 h, similar to the results obtained in HT22 cells (Fig. 7m) . Cdk5 was next knocked down, followed by 12 h of glutamate treatment. ALDH1A1 immune complex was isolated and its activity analyzed, which revealed similar activity as that of the control neurons ( Fig. 7m and Supplementary Fig. 5A ). These results indicate that Cdk5 is crucial for the increase in ALDH1A1 activity observed upon glutamate exposure in primary cortical neurons. As Cdk5 depletion has opposing consequences on ALDH1A1 levels and activity, it was expected that ALDH1A1 activity remains unaffected under excitotoxic conditions when Cdk5 was knocked down. As noted before, at one end, Cdk5 depletion prevents the increase in ALDH1A1 levels and activity, whereas at the other end, it also prevents the inactivation of ALDH1A1 at the later stage under neurotoxic conditions. Most importantly, collectively, these results show that ALDH1A1 regulation by Cdk5 is similar in primary cortical neurons exposed to excitotoxicity and glutamateexposed HT22 cells.
Decrease in ALDH1A1 Activity at Later Stages Is Partially Due to Increased Oxidative Stress
To delve deeper into the mechanism of neurotoxicity, we investigated whether increasing ROS was contributing to ALDH1A1 inactivation at a later stage. Primary neurons were treated with glutamate for 12 h, and then treated with TAT-Prx-II (89A) for another 12 h (total 24 h of glutamate treatment, purple line; Fig. 7n and Supplementary Fig. 5B ), which significantly rescued its activity. However, when TAT-Prx-II (89A) was added after 16 h of glutamate treatment (total 8 h of TAT-Prx-II treatment, light blue line; Fig.  7n) , it showed little impact on ALDH1A1 activity. These results suggest that oxidative stress is an important factor in ALDH1A1 inactivation.
To investigate whether oxidation of catalytic cysteine was responsible for its diminished activity under neurotoxic conditions, we isolated ALDH1A1 from glutamate-exposed neurons for 12 and 24 h and determined their catalytic activity with and without DTT in vitro. DTT improved the activity of ALDH1A1 isolated after 12 h of treatment, but did not rescue ALDH1A1 activity isolated after 24 h of treatment ( Fig. 7o and Supplementary Fig. 5C ). These results show that initial oxidative damage to ALDH1A1 is minor and reversible; however, at later stage, DTT is unable to rescue ALDH1A1 activity, presumably due to other ROS-induced impairments ( Fig.  7o and Supplementary Fig. 5C ).
ALDH1A1 Is Also a Physiological Target of Cdk5
Thus far, our results show that ALDH1A1 is regulated by Cdk5 under neurotoxic conditions. Deregulated Cdk5 increases ALDH1A1 activity and levels, which confers neuroprotection initially; however, sustained neurotoxic conditions eventually damage ALDH1A1 irreversibly contributing to further toxicity. Since ALDH1A1 signaling is crucial for normal brain homeostasis, we envisioned that Cdk5 may also regulate ALDH1A1 under physiological conditions.
To test this hypothesis, we chose a physiologically relevant primary neuron model. Primary cortical neurons isolated from E17/E18 embryos show little Cdk5 level and activity; however, when they are grown in vitro (days in vitro (DIV)) for a couple of weeks, they develop morphologically and functionally, which is accompanied by concomitant increase in Cdk5 and p35 levels, resulting in increased Cdk5 activity. Cdk5 knockdown inhibits neuronal survival, neuronal differentiation, neuronal migration, dendrite formation, and ultimately their maturation under physiological conditions. Therefore, development of primary cortical neurons in vitro provides an apt model to test whether Cdk5 regulates ALDH1A1 under normal physiological conditions. We initially measured Cdk5 kinase activity in primary cortical neurons isolated from DIV1, DIV6, and DIV13. Cdk5 activity increased 6-fold on DIV6 and 16-fold on DIV14, compared to DIV1 (Fig. 8a) . In parallel, we also investigated Cdk5, p35, and ALDH1A1 levels in DIV6 and DIV14 primary neurons, which revealed more than 5-fold increase in Cdk5 and p35 levels (Fig. 8b) . ALDH1A1 levels also increased > 2-fold on DIV14, suggesting that ALDH1A1 upregulation in maturing neurons may be crucial for normal neuronal functions. Most importantly, Cdk5 knockdown in DIV14 primary cortical neurons reduced ALDH1A1 levels, confirming that Cdk5 also regulates ALDH1A1 under physiological conditions.
ALDH1A1 Levels Increase With Disease Severity in AD Clinical Specimens
To investigate the clinical significance of our findings, we examined ALDH1A1 levels in human AD and age-matched control brain tissues. We procured the tissues from prefrontal cortex area 9 (Brodmann's area 9), a prefrontal association region located in the superior frontal gyrus of the brain, which is severely affected in AD [49] . These neurons are highly vulnerable in AD and their loss strongly correlates with the severity of the disease, with more than 90% loss occurring at the end stages of AD [50] . ALDH1A1 levels were analyzed in tissues obtained from AD patients at mild (n = 1), moderate stage (n = 2), and severe stage (n = 2) along with age-matched controls (n = 3). Although we were able to obtain a few specimens, ALDH1A1 levels did not show significant change among normal, mild, and moderate AD tissues (Fig. 8c) . However, ALDH1A1 levels showed relatively higher levels in both of the severe cases, suggesting that ALDH1A1 upregulation may be a compensatory mechanism to combat ensuing oxidative stress in AD pathogenesis. Figure 8d shows the average ALDH1A1 levels in normal, mild, moderate, and severe AD specimens from three independent experiments.
ALDH1A1 Activity Initially Rise and Later Decline With Increased Disease Severity in AD Clinical Specimens
These results prompted us to investigate ALDH1A1 activity in these tissues, which may be regulated independently of their levels in AD. ALDH1A1 was isolated from each of these specimens and its dehydrogenase activity examined. Interestingly, mild (n = 1) and moderate stage (n = 2) specimens showed increased activity compared to age-matched controls (n = 3), despite similar levels, suggesting that ALDH1A1 activation indeed occurs at the initial stages of the disease. Furthermore, ALDH1A1 activity was severely diminished in severe AD cases, suggesting that neurotoxic conditions destroy the activity of ALDH1A1 despite the increased levels (Fig. 8e, f) .
To further confirm these results, we procured another cohort of 22 human clinical specimens (Brodmann area 9), Fig. 7 Cdk5-ALDH1A1 signaling in primary neurons. a Inhibition and ablation of Cdk5 inhibits neurotoxicity in primary cortical neurons. Cdk5-shRNA-infected primary neurons (30 h) were treated with glutamate (24 h ). Cell viability was tested by an MTT assay. *p < 0.05, compared with untreated neurons. b Overexpression of ALDH1A1 prevents neurotoxicity in primary cortical neurons. ALDH1A1 overexpressed primary neurons (30 h) were treated with glutamate (24 h). Cell viability was tested by MTT assay. *p < 0.05, compared with untreated neurons. c Glutamate exposure triggers nuclear translocation of ALDH1A1 in a Cdk5-dependent manner. Primary cortical neurons were treated with glutamate (100 μM) for 12 h in the presence or absence of roscovitine (10 μM), followed by immunostaining with Cdk5 and ALDH1A1 antibodies. d Quantification of the subcellular localization of ALDH1A1 in the cell nucleus versus the cytoplasm. The graphs show the mean ± SEM of the relative fluorescence intensity with respect to control cells. *p < 0.05 versus nucleus fraction control analyzed by two-way analysis of variance. e Cdk5 depletion inhibits nuclear translocation of ALDH1A1. Primary cortical neurons were treated with glutamate (100 μM) for 12 h in the presence or absence of Cdk5 shRNA, followed by immunostaining with Cdk5 and ALDH1A1 antibodies. f Primary cortical neurons were treated with glutamate for 12 and 24 h, in the presence and absence of Cdk5 shRNA, and then, the total levels of ALDH1A1 mRNA were analyzed using semi-quantitative RT-PCR. g ALDH1A1 mRNA levels in primary cortical neurons in response to glutamate treatment with or without Cdk5 shRNA. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated primary cortical neurons. # p < 0.05, compared with only glutamate-treated neurons. h Primary cortical neurons were treated similarly as described for f, g, and total mRNA levels of ALDH1A1 were detected by real-time qPCR. Expression levels are normalized to the expression of actin. Results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated neurons.
# p < 0.05, compared with only glutamate-treated neurons. i Glutamate treatment increases ALDH1A1 protein levels in primary cortical neurons in a time-dependent manner. Primary cortical neurons were treated with glutamate for 0-24 h and the total levels of ALDH1A1 analyzed. j Average relative ratios of ALDH1A1 band intensities to alpha-tubulin band intensities upon glutamate treatment as obtained from three independent experiments. *p < 0.05, compared with untreated primary neurons. k Glutamate treatment increases ALDH1A1 protein levels in primary cortical neurons in a Cdk5-dependent manner. ALDH1A1 levels were analyzed upon glutamate (12 h), roscovitine, and Cdk5 shRNA treatments. l ALDH1A1 protein levels in primary cortical neurons in response to glutamate treatment with or without roscovitine and Cdk5 shRNA. Graphical results are mean ± SEM of three independent experiments. *p < 0.05, compared with untreated primary neurons, and # p < 0.05, compared with only glutamatetreated primary neurons. m ALDH1A1 enzyme activity in primary cortical neurons in response to glutamate treatment with or without Cdk5 shRNA. n Removal of oxidative stress restores ALDH1A1 activity to a significant extent. Primary cortical neurons were either treated with glutamate for 12 and 24 h or were pretreated with glutamate for 12 and 16 h, followed by subsequent treatment with 200-nM TAT-fused peroxiredoxin-II-T89A for the next 12 and 8 h, respectively. TAT-fused peroxiredoxin-II-T89A protein was purified fresh and added every 4 h. TAT-fusion red fluorescent protein (TAT-RFP) was used as a control. ALDH1A1 immune complex was isolated, and its dehydrogenase activity was determined as described in the BMaterials and Methods^section. o DTT treatment is beneficial for ALDH1A1 enzymatic activity initially. Primary cortical neuron cells were treated with glutamate for 12 and 24 h. ALDH1A1 was immunoprecipitated using ALDH1A1 antibody, and enzyme activity was performed with or without 10 mM DTT in reaction buffers as described in the BMaterials and Methods^section which contained three age-matched controls, five stage II, three stage III, three stage IV, three stage V, and five stage VI specimens (details in Table 1 ). As observed with the previous cohort, ALDH1A1 levels increased with disease severity with highest levels observed for stage V patients (Fig. 8g) . Figure 8h shows average ALDH1A1 levels in clinical specimens from three independent experiments. In addition, we also measured ALDH1A1 dehydrogenase activity in these samples, which displayed increased activity in stages II and III, which decreases as disease advances, similar to the results obtained using the previous cohort (Fig. 8i) . Together, these results suggest that during the initial stages, neurons attempt to upregulate and activate ALDH1A1 to protect from ensuing oxidative stress-induced damage; however, persistently deleterious conditions inactivate ALDH1A1 in spite of increased levels, further contributing to neurotoxicity.
Discussion
An important role of ALDH1A1 in PD pathogenesis is well accepted. In normal brains, ALDH1A1 is highly expressed in dopaminergic neurons of substantia nigra and ventral tegmental area (VTA). ALDH1A1 level is significantly reduced in the surviving neurons of substantia nigra in PD [51] . In contrast, in schizophrenia, ALDH1 mRNA is reduced in the VTA, but not in substantia nigra [52] . In the α-synuclein transgenic mice, both Aldh1a1 mRNA and protein levels are decreased in dopaminergic neurons [53] . These findings highlight that loss of ALDH1 expression is correlated with selective degeneration of dopamine neurons in PD.
In contrast to PD, a role of ALDH1A1 in AD pathogenesis remains unclear. While many studies have shown that ALDH1A1 is selectively expressed in the dopaminergic neurons, Fragoso et al. revealed that ALDH1A1 protein is also highly expressed in the human hippocampus, a region which is progressively degenerated in AD brains [54] . Although ALDH1A1 levels have not been analyzed in any clinical AD specimens, increased 4-HNE levels were indeed observed in the hippocampus of patients with mild cognitive impairment and early AD symptoms [55] . As ALDH1A1 plays crucial role in the detoxification of 4-HNE, these findings suggest that ALDH1A1 is likely inactivated or downregulated early during the disease progression. Further, 4-HNE accumulates on amyloid proteins [56] , suggesting that ALDH1A1 downregulation may contribute to amyloid plaque formation at later stages of the disease as well [57, 58] .
However, despite these evidence, to date, neither genomewide association studies (GWAS) nor genetic association studies have identified any gene variation on ALDH genes as risk for AD. Furthermore, there are no reports of alterations in gene expression in any of the ALDH genes in the CNS or peripheral blood samples of AD patients compared to agematched controls [59] . Interestingly, some reports have indicated alterations in mitochondrial ALDH2 protein in AD patients; however, ALDH1A1 protein levels or its activity has not been analyzed in AD patients.
In this study, we identified yin and yang roles of Cdk5 in the regulation of ALDH1A1. A highly destructive role of deregulated Cdk5 in AD pathogenesis is well accepted; however, our recent study revealed an initial neuroprotective role of Cdk5 in combating oxidative stress under excitotoxic conditions [42] . In this pathway, deregulated Cdk5 initially activates FOXO3a transcription factor via direct phosphorylation, which triggers its nuclear translocation, resulting in the upregulation of anti-oxidant MnSOD. However, later, active FOXO3a instead increases Bim and FasL levels, causing cell death. This finding indicates that Cdk5 might also attempt to be neuroprotective in the initial stages of neurotoxicity in AD models, but later turns neurodegenerative under sustained neurotoxic conditions.
Cdk5 exerts a multilayered regulation of ALDH1A1. ALDH1A1 is both a physiological and pathological target of Cdk5. Using primary cortical neuron maturation model, which depends on Cdk5-p35 activity, we show that Cdk5 is responsible for increase in ALDH1A1 levels under clinical specimens. a Cdk5 kinase activity in primary cortical neurons at DIV1, DIV6, and DIV13. Cdk5 kinase assay was performed as described in the BMaterials and Methods^section. Each experiment was repeated at least three independent times. *p < 0.05, compared with DIV1. b Cdk5, p35, and ALDH1A1 levels in DIV6 and DIV14 primary neurons in presence and absence of Cdk5 shRNA. The experiment was repeated two independent times, and a representative picture is presented. c ALDH1A1 levels in human AD and age-matched control brain tissues (cohort 1). ALDH1A1 levels were analyzed in tissues obtained from AD patients at mild (n = 1), moderate stage (n = 2), and severe stage (n = 2) along with age-matched controls (n = 3). d Average ALDH1A1 levels in age-matched controls and AD specimens from three independent experiments. e ALDH1A1 enzyme activity in age-matched controls and AD specimens from three independent experiments. f Same data as in Fig. 8e displaying relative ALDH1A1 activity at 90 min in age-matched controls and AD specimens from three independent experiments. g ALDH1A1 levels in human AD and age-matched control brain tissues (cohort 2; Table 1 ). h Average ALDH1A1 levels in age-matched controls and AD specimens from three independent experiments from cohort 2. i ALDH1A1 enzyme activity in age-matched controls and AD specimens from three independent experiments at 90 min from cohort 2. j Our model showing Cdk5's contribution to ALDH1A1-mediated signaling under physiological and pathological conditions. Under physiological conditions, Cdk5 associates with p35, which activates it resulting in upregulation of ALDH1A1, which is neuroprotective. Upon neurotoxic conditions, Cdk5 initially plays a neuroprotective role by activating and upregulating ALDH1A1. Glutamate stimulation triggers the formation of p25 formation, which hyperactivates Cdk5, leading to the phosphorylation of ALDH1A1 and subsequent increase in ALDH1A1 levels and activity. However, later, Cdk5-induced oxidative stress inhibits ALDH1A1 activity rendering it ineffective, resulting in neurotoxicity physiological conditions as well (Fig. 8j, left panel) . Under neurotoxic conditions, initially, Cdk5 employs three mechanisms to activate and upregulate ALDH1A1 to counteract emerging oxidative stress (Fig. 8j, middle panel) . First, paradoxically, Cdk5-induced oxidative stress increases ALDH1A1 levels via transcription. Second, Cdk5 increases ALDH1A1 levels by directly phosphorylating at S75 and S274, which inhibits its ubiquitylation. Third, Cdk5-mediated phosphorylation increases its dehydrogenase activity by altering its oligomeric status. We demonstrate that ALDH1A1 is most active in the monomeric state.
Surprisingly, ALDH1A1 activity does not correlate with its levels in neuronal cells and primary neurons which uncovered the fourth mechanism by which Cdk5 negatively regulates ALDH1A1 activity. We show that the decrease in ALDH1A1 activity is due to sustained oxidative stress triggered by Cdk5 deregulation. Elimination of oxidative stress largely restored ALDH1A1 activity, thereby highlighting opposing roles of Cdk5 in the regulation of ALDH1A1 (Fig. 8j,  right panel) .
Importantly, under physiological conditions, Cdk5 activity is tightly regulated and is essential for normal neuronal functions. Therefore, it appears that the Bgood Cdk5^activates and upregulates ALDH1A1 via direct phosphorylation, without compromising its activity in normal cells. Thus, we postulate that Cdk5 plays a vital role in normal brain synaptic plasticity and memory formation by upregulating retinoic acid signaling via ALDH1A1.
The clinical significance of our finding was confirmed in human AD specimens and age-matched controls. While mild and moderate AD specimens revealed almost similar levels of ALDH1A1 as age-matched controls, the ALDH1A1 activity was significantly higher in these tissues, suggesting that the neurons upregulate ALDH1A1 activity as a compensatory mechanism to fight ensuing oxidative stress-induced damage. In contrast, severe AD brains showed significantly higher levels of ALDH1A1, but vastly compromised ALDH1A1 activity, presumably due to increased ROS. ALDH1A1 is expected to aggregate under toxic cellular conditions, which will likely inhibit its activity. Future studies are needed to uncover the dynamic equilibrium of different oligomeric forms of ALDH1A1 in clinical specimens at various stages of AD pathogenesis.
Importantly, as noted before, ALDH1A1 levels are downregulated in the dopaminergic neurons of the substantia nigra in PD, which correlate well with neuronal death. ALDH1A1 activity was not analyzed in these tissues. However, our studies in neuronal cells, neurons, and clinical specimens revealed that ALDH1A1 protein levels and activity are independently regulated and may not necessarily correlate with each other. Higher ALDH1A1 level could be due to its aggregation in tissues, which is effectively an inactive species. Therefore, ALDH1A1 level and activity need to be independently evaluated to determine a potential role of ALDH1A1 under physiological and pathological conditions.
In conclusion, this study revealed Ba good and a bad role of Cdk5^in AD pathogenesis. The bad Cdk5 prevails in the end, overriding the good Cdk5 act, suggesting that Cdk5 is an effective therapeutic target for AD. As Cdk5 is beneficial in complex with p35, and detrimental in complex with p25, specific dissociation of Cdk5 and p25 will preserve the Bgood Cdk5^in the brain for retaining its physiological and beneficial functions in the brain. 
Materials and Methods
Glutamate
Expression Plasmids and Constructs
HA-tagged ALDH1A1 was cloned into VIP3 mammalian vector and bacterial petDuet vector at EcoRI and Xho1 sites. HA-tagged ALDH1A1 mutants were generated using sitedirected mutagenesis.
Expression and Purification of Cdk5, p25, and ALDH1A1
6× His-Cdk5 and 6× His-p25 were prepared using the baculovirus Bac-to-Bac expression system according to the manufacturer's instructions (Invitrogen). 6× Histagged wild-type and mutant ALDH1A1 were expressed in E. coli and purified using the procedures previously described [38] .
Transfection and Retroviral Infection
For generating stable cell lines, ALDH1A1 plasmids were transiently transfected using calcium phosphate into Phoenix cells. The retroviruses were harvested and used to infect HT22 cells as reported previously [31, 32] .
In Vitro Kinase Assays
For in vitro labeling, Cdk5-p25 complex (on Ni-NTA beads) was pre-incubated with 100 μM of ATP for 1 h in a 1× kinase buffer (50 mM Tris, 10 mM MgCl 2 ) to reduce background phosphorylation. The beads were washed extensively with 1× kinase buffer to remove excess ATP, eluted, and then subjected to an in vitro kinase assay with 2 μg of 6× His-tagged recombinant protein (wild-type or mutant ALDH1A1) in the presence of 0.5 μCi of [γ-32 P]ATP for 15 min. Reactions were terminated upon the addition of SDS loading buffer and subsequently separated by SDS-PAGE gel, transferred to PVDF membrane, and exposed for autoradiography.
ALDH1A1 shRNA
Cdk5 shRNAs were generated in our previous study [40] . Both Cdk5 and ALDH1A1 shRNAs (both were murine as HT22 cells are mouse hippocampal cells) were cloned into pLKO.1 TRC vector, which was a gift from David Root [60] . The sequences are as follows: ALDH1A1 shRNA1 (forward) 5′-C CGG ATC TCA TTG AGA GTG GGA AGA CTC GAG TCT TCC CAC TCT CAA TGA GAT TTT TTG-3′, ALDH1A1 shRNA1 (reverse) 5′-A ATT CAA AAA ATC TCA TTG AGA GTG GGA AGA CTC GAG TCT TCC CAC TCT CAA TGA GAT-3′ and ALDH1A1 shRNA2 (forward) 5′-C CGG GCA GGA CTC TTC ACT AAA CTC GAG TTT AGT GAA GAG TCC TGC TTT TTG-3′, ALDH1A1 shRNA2 (reverse) 5′-A ATT CAA AAA GCA GGA CTC TTC ACT AAA CTC GAG TTT AGT GAA GAG TCC TGC-3′. Control shRNA (scrambled shRNA), Cdk5, and ALDH1A1 shRNA lentiviruses were generated and used for infecting HT22 cells. Stable cells were generated following puromycin selection.
Isolation of Primary Cortical Neurons
The primary cortical neurons were isolated from E17 CD1 mice embryos as reported before [40, 41] . All the experiments were performed after 14 days in culture, except otherwise mentioned.
MTT Assay
Cells were seeded in 96-well plates at 5 × 10 3 cells per 100 μL per well and cultured for 24, 48, and 72 h. MTT assay was conducted as reported previously [43] . Experiments were repeated three times in triplicate wells to ensure the reproducibility.
Immunofluorescence HT22 cells were grown on poly-L-lysine coated coverslips for 12 h, followed by various treatments. Roscovitine (10 μM) was added 0.5 h before glutamate treatment, and Cdk5 shRNA lentivirus was added 30 h prior to glutamate treatment. Cells were fixed with 4% formaldehyde in PBS for 20 min at room temperature, and then washed with PBS. The cells were blocked in 1% FBS, 2% BSA, and 0.1% Triton X-100 in PBS for 1 h at 25°C. Cells were labeled with antibodies (Cdk5 or ALDH1A1 or HA) for 3 h in PBS, followed by incubation with fluorescein isothiocyanate conjugated goat anti-mouse-IgG secondary antibody (1:1000 dilution, cat. no. 115-095-003, Jackson Immunoresearch), fluorescein isothiocyanateconjugated donkey anti-rabbit-IgG secondary antibody (1:1000 dilution, cat. no. 711-095-152, Jackson Immunoresearch), Texas Red-conjugated goat antirabbit-IgG secondary antibody (1:500 dilution, T6391, Invitrogen), or Texas Red-conjugated goat anti-mouse-IgG secondary antibody (1:500 dilution, cat. no. T6390, Invitrogen). Cells were visualized using Nikon Eclipse E600 microscope (Nikon Instruments, Melville, NY) and captured. To quantify cytoplasmic and nuclear localization, the average fluorescence intensity in the nucleus was compared with the average fluorescence intensity in the cytosol. This value was plotted for different treatment times with respect to untreated cells.
Immunoprecipitation of Cdk5, p35/p25, and ALDH1A1
HT22 cells were treated with 5 mM glutamate for 1.5, 3, or 6 h. Cells were then harvested and lysed in modified RIPA buffer. After centrifugation, whole-cell lysate was mixed with protein A Sepharose beads (Sigma) and antibody for either Cdk5, p35/p25, or ALDH1A1. After incubation for 4 h, immune complexes were washed and then subjected to Western blotting using either Cdk5, p35/p25, or ALDH1A1 antibodies.
Subcellular Fractionation
Subcellular fractionation of HT22 cells was conducted as before [40] .
ALDH1A1 Activity Assay
ALDH1A1 activity assay was conducted as reported before [36] . Briefly, ALDH1A1 was phosphorylated using Cdk5-p25 in kinase buffer (37.5 mM HEPES pH 8.00, 300 μM ATP, 4 mM MgCl 2 ) for 3 h. Subsequently, the reaction mixture was adjusted to contain 100 mM HEPES pH 8.00, 77.4 μM ATP, 1 mM MgCl 2 , 0.65% BSA, 5 mM NAD + , and 4 mM propanal.
The change in absorbance at 360 nm due to NADH formation was measured using SpectraFluor PLUS, TECAN. The data is shown as the fractional conversion of NAD + to NADH to highlight the relative intrinsic activity of the wild-type and mutant ALDH1A1 and effect of Cdk5-dependent phosphorylation. For dephosphorylation experiment, phosphorylated ALDH1A1 activity was measured for 75 min, at which time 1 μL of calf-alkaline phosphatase was added to the sample and the measurements were carried out for another 1.5 h. For untreated samples, 50% glycerol in 1× cutsmart buffer (New England Biolab) was added as a control.
Native Gel Analysis of Cdk5-p25 Mediated ALDH1A1 Phospho-Oligomeric Regulation 6× His-Cdk5-p25 on beads was used to phosphorylate ALDH1A1 (~0.5 mg/mL) in kinase buffer containing 50 mM Tris pH 8.00, 10 mM MgCl 2 50 mM NaCl, 50 mM imidazole, and 1 mM ATP. Importantly, when high concentrations of ALDH1A1 were used (> 1 mg/mL), the change from tetramer to monomer was less pronounced. For the first time point, the reaction was spun down and 10 μL of the supernatant was mixed with 5 μL of 3× native running buffer containing 10 mM EDTA to stop the kinase reaction. The reaction tube was subsequently placed on a thermomixer (800 rpm) at room temperature. Ten-microliter aliquots of the supernatant were collected at each time point indicated. The samples were separated using clear-native PAGE (CN-PAGE) with a 7.5% resolving gel (pH 8.9) and a 4.3% stacking gel (pH 6.7). Following electrophoresis, the gel was soaked in 1× SDS page running buffer for 5 min to denature complexes, followed by 1× transfer buffer containing 20% methanol to remove excess SDS. Proteins were transferred and ALDH1A1 was visualized using ALDH1A1 antibody. All experiments were performed three independent times in triplicate.
In-Gel ALDH1A1 Activity Assay
In-gel ALDH1A1 activity was determined as reported before [36] .
Oligomer-Specific Phosphorylation of ALDH1A1
ALDH1A1 was phosphorylated using Cdk5-p25 for 0, 10, and 30 min. Following CN-PAGE, the gels were fixed in 10% acetic acid and 30% methanol for 20 min and washed 3× for 5 min with water. Phospho-tag phosphoprotein gel staining was carried out according to the manufacturer's protocol (Genecopoeia). Gels were imaged using a Typhoon© scanner equipped with a phospho-tag filter. Following fluorescent detection, total protein levels were visualized with Coomassie G-250 staining. All experiments were carried out in triplicate.
